Abstract. We show how the axiomatic structure of scale-space theory can be applied to the auditory domain and be used for deriving idealized models of auditory receptive fields via scale-space principles. For defining a time-frequency transformation of a purely temporal signal, it is shown that the scale-space framework allows for a new way of deriving the Gabor and Gammatone filters as well as a novel family of generalized Gammatone filters with additional degrees of freedom to obtain different trade-offs between the spectral selectivity and the temporal delay of time-causal window functions. Applied to the definition of a second layer of receptive fields from the spectrogram, it is shown that the scale-space framework leads to two canonical families of spectro-temporal receptive fields, using a combination of Gaussian filters over the logspectral domain with either Gaussian filters or a cascade of first-order integrators over the temporal domain. These spectro-temporal receptive fields can be either separable over the time-frequency domain or be adapted to local glissando transformations that represent variations in logarithmic frequencies over time. Such idealized models of auditory receptive fields respect auditory invariances, can be used for computing basic auditory features for audio processing and lead to predictions about auditory receptive fields with good qualitative similarity to biological receptive fields in the inferior colliculus (ICC) and the primary auditory cortex (A1).
Introduction
The information in sound is carried by variations in the air pressure over time, which for many sound sources can be modelled as a superposition of sine wave oscillations of different frequencies. To capture this information by auditory perception or signal processing, the sound signal has to be processed over some non-infinitesimal amount of time and in the case of a spectral analysis also over some range of frequencies. Such a region over time or over the spectro-temporal The subject of this article is to show how a principled theory for auditory receptive fields can be developed based on scale-space theory. Our aim is to express auditory operations that (i) are well localized over time and frequencies and (ii) allow for well-founded handling of temporal phenomena that occur at different temporal scales as well as (iii) receptive fields that operate over different ranges of frequencies in such a way that operations over different ranges of frequencies can be related in a well-defined manner.
When applied to the definition of a spectrogram, alternatively to the formulation of an idealized cochlea model, the scale-space approach can be used for deriving the Gabor (Gabor [3] ; Wolfe et al. [4] ) and Gamma-tone (Johannesma [5]; Patterson et al. [6] ) approaches for computing local windowed Fourier transforms as specific cases of a complex-valued scale-space transform over different frequencies. In addition, the scale-space approach to defining spectrograms leads to a new family of generalized Gamma-tone filters, where the time constants of the individual first-order integrators coupled in cascade are not equal as for regular Gamma-tone filters but instead distributed logarithmically over temporal scales and allowing for different trade-offs in terms of e.g. the frequency selectivity of the spectrogram and the temporal delay of time-causal receptive fields.
When applied to a logarithmic transformation of the spectrogram, as motivated from the desire of handling sound signals of different strength (sound pressure) in an invariant manner and with a logarithmic transformation of the frequencies as motivated by the desire of enabling invariance properties under a frequency shift, such as transposing a musical piece by one octave, the theory also allows for the formulation of spectro-temporal receptive fields at higher levels in the auditory hierarchy in terms of spectro-temporal derivatives of spectrotemporal smoothing operations as obtained from scale-space theory.
Such second-layer receptive fields can be used for (i) computing basic auditory features such as onset detection, partial tone enhancement and formants, and (ii) generating predictions of auditory receptive fields qualitatively similar to biological receptive fields as measured by cell recordings in the inferior colliculus (ICC) and the primary auditory cortex (A1) (Miller et al. [2] ; Qiu et al. [7] ; Elhilali et al. [8] ; Atencio and Schreiner [9] ).
In this concise summary of the theory, we emphasize the scale-space aspects of auditory receptive fields. A more extensive treatment is given in [10].
Multi-Scale Spectrograms
To capture the frequency content in an auditory signal f : IR → IR, the notion of spectrograms or locally windowed Fourier transforms constitutes a natural tool
S(t, ω; τ ) =
A basic question in this context concerns how to choose the window function. Would any choice of window function w do? Specifically, how long should the
